We examined the effect of early marine entry timing and body size on the marine (smolt-to-adult) survival of Puget Sound Chinook salmon (Oncorhynchus tshawytscha). We used data from coded wire tag release groups of hatchery Chinook salmon to test whether hatchery release date, release size, and size in offshore waters in July and September influenced marine survival. Marine survival was most strongly related to the average body size in July, with larger sizes associated with higher survivals. This relationship was consistent over multiple years (1997)(1998)(1999)(2000)(2001)(2002), suggesting that mortality after July is strongly size-dependent. Release size and date only slightly improved this relationship, whereas size in September showed little relationship to marine survival. Specifically, fish that experienced the highest marine survivals were released before 25 May and were larger than 17 g (or 120 mm fork length) by July. Our findings highlight the importance of local conditions in Puget Sound (Washington, USA) during the spring and summer, and suggest that declines in marine survival since the 1980s may have been caused by reductions in the quality of feeding and growing conditions during early marine life.
Introduction
Marine survival of Pacific salmon (Oncorhynchus spp.) is believed to be strongly dependent on the ''critical'' (Hjort 1914) early marine period when both larger size (Ward et al. 1989; Henderson and Cass 1991; Mortensen et al. 2000) and faster growth have been associated with elevated overall marine survival for several species (Tovey 1999; Beamish et al. 2004; Cross et al. 2008) . Timing of marine entry can also have a strong effect on marine survival (Blackbourn 1976; Bilton et al. 1982) . In their ''critical size and period'' hypothesis, Beamish and Mahnken (2001) suggested that the regulation of salmon abundance through ocean mortality occurs in two stages, both of which are highly size-dependent. In the first stage, which occurs soon after juvenile salmon enter the estuarine or nearshore marine environment, mortality is hypothesized to be mainly predation-based. Size at this stage is critical because it partially determines the amount of predation risk (Parker 1971; Duffy and Beauchamp 2008) . Size-spectrum theory states that larger fast-growing individuals should be vulnerable to the many gape-limited predators for shorter periods than their smaller and slower-growing conspecifics (Sogard 1997) . The second stage of significant mortality is hypothesized to come in the late fall and winter of their first marine year and is a function of the condition of the juvenile. It is the growth preceding this stage, mainly during the summer (a ''critical period''), which is vital in ensuring the juvenile reaches a size and condition that will increase its chances of surviving the first marine winter.
It has been particularly difficult to quantify stage-specific marine growth and size-selective mortality rates for individual salmon stocks because of the challenges associated with recapturing and distinguishing between highly mobile populations during their wide-ranging marine life. Therefore, calcified structures like scales and otoliths are useful tools because they record information on the size and growth history of salmon throughout their life (Fisher and Pearcy 1990; Fukuwaka and Kaeriyama 1997; Courtney et al. 2000) . Individual salmon cohorts can also be identified relatively simply through coded wire tags (CWTs), which are typically used to identify (a variable proportion of) hatchery releases. By comparing stage-specific size and growth of juveniles and adults from known cohorts, it should be possible to identify if and when size-(and growth-) selective mortality events occur during marine life. Using this approach, researchers have found that early marine size and growth rates are highly correlated to survival rates for chum (O. keta, Healey 1982) , Chinook (O. tshawytscha, Reimers 1973; Tovey 1999) , coho (O. kisutch, Beamish et al. 2004) , and pink salmon (O. gorbuscha, Moss et al. 2005; Cross et al. 2008) .
In Puget Sound, most Chinook salmon are ''ocean-type,'' migrating to saltwater immediately after emergence or following up to several months of freshwater rearing. Most of these juvenile Chinook salmon enter Puget Sound and occupy nearshore waters during the spring and early summer (Brennan et al. 2004; Duffy et al. 2005; Toft et al. 2007) . By midsummer, large numbers of Chinook salmon are caught offshore by midwater trawl surveys, and catches remain high at least through early fall (Beamish et al. 1998) . Puget Sound Chinook salmon were listed as threatened under the Endangered Species Act (ESA) in 1999 (NMFS 1999) , and at least half of the approximately 29 stocks of Chinook salmon in the Puget Sound basin have been influenced or supported by hatcheries (NRC 1996) . Hatchery influence varies regionally, ranging from approximately 40% of the juvenile Chinook salmon population in the northern region to up to 98% of juvenile Chinook salmon in the southern region (Duffy et al. 2005) . Up to 37 artificial propagation programs, state-run and tribal, produce approximately 30 million Chinook salmon in Puget Sound annually (NMFS 2004; RMPC 2010) . Each hatchery follows its own practices, and several hatcheries release multiple cohorts, often at different dates and body sizes, and the fish are subjected to different rearing and release strategies. Puget Sound hatcheries typically release large pulses of oceantype Chinook salmon between mid-April and late June, although releases as late as September have been reported. Hatchery-produced smolts enter Puget Sound at a larger size than wild counterparts, and size differences persist in nearshore habitats through the spring (Duffy et al. 2005) .
Poor marine survival has been identified as one factor contributing to the decline of Chinook salmon in Puget Sound (Greene et al. 2005) ; however, little is known about the mechanisms and timing associated with high marine mortality. The goal of this study was to examine factors affecting marine survival, and specifically, to determine if and when timing and size during early marine life affected marine survival of Chinook salmon in Puget Sound. Since 1997, the abundance and distribution of juvenile salmon in offshore waters has been sampled during the summer (July) and early fall (September). This sampling program provided information on the inter-and intra-annual variation in sizes of fish in offshore waters that we could compare with marine survival estimates. To address the high degree of variability in the Chinook salmon population, we used CWTs to track specific Chinook salmon release groups through their first spring and summer in Puget Sound. We then examined specific factors that were hypothesized to affect marine survivals. These included release date (day of the year), size at release, and average masses in July and September. We performed a linear regression analysis on different combinations of these variables and used Akaike's information criterion (AIC) to find the most parsimonious model. We hypothesized that larger sizes at each stage would correlate with higher marine survivals, and expected the effect of release date on marine survival to be less clear due to interannual differences in environmental conditions.
Materials and methods

Study area
Puget Sound (Washington, USA) is a deep, elongated glacial fjord composed of underwater valleys, ridges, and basins with an average depth of 135 m (Burns 1985) . We divided Puget Sound into three regions: North, from Admiralty Inlet south to Edwards Point; Central, from Edwards Point south to the Tacoma Narrows, and South, waters south of the Tacoma Narrows (Fig. 1) . We examined data from Chinook salmon released from hatcheries in each of these regions: Wallace River (WR) and Bernie Gobin (BG) in the North; Grover's Creek (GC), Gorst Creek Pond (GO), Soos Creek (SC), White River (WH) and Puyallup Tribal (PT) in the Central Region; and Hupp Springs (HS), Kalama Creek (KC), and Nisqually River (NR) in the South (Fig. 1) .
Fish sampling
Midwater rope trawling was conducted in the North and Central regions of Puget Sound during 2 d trips in July and September 1997-2007 . The rope trawl had an effective opening of 14 m deep Â 30 m wide when fishing (Beamish et al. 2000) and was operated in offshore waters (generally greater than 30 m bottom depth). On average, 30 trawls were conducted per year. The average tow lasted for 20 min at 4.4 knots, covering a distance of 2687 m. Approximately two thirds of the trawls sampled the upper 30 m of the water column, with occasional deeper tows ranging between 30-120 m. All sampling occurred during daylight hours.
For each trawl, total counts were recorded for each species. For Chinook salmon, hatchery-origin fish were identified by adipose fin clips and CWTs; unmarked Chinook salmon were assumed to be of natural origin. Marking of all hatchery Chinook salmon has been required since 2000; however, marking errors and use of nonvisible marks (thermal otolith marks) on some hatchery release groups (particularly experimental and ''wild recovery'' fish) contributed an unknown but likely small percentage of hatchery origin fish to the unmarked fraction. On average, unmarked fish represented 18% of the Chinook salmon catch in July and 29% in September.
Individual fork lengths (FL, to the nearest 1 mm) were recorded for at least 60 fish per species, when available, and all CWT salmon. Wet mass (to the nearest 0.1 g) were recorded for a smaller subsample of Chinook salmon (typically 20-40 fish per trawl), and many but not all CWT salmon. We pooled data from 2001-2007 to develop a length-mass regression for fish lacking mass measurements: Since mass measurements can be less accurate at sea (especially in rough seas, although those are rare in Puget Sound), regression-derived masses provided more consistent values representative of the average fish.
Snouts from all CWT salmon were removed and sent to the Washington Department of Fish and Wildlife (WDFW) where each CWT was read (Lynn Anderson, WDFW, Olympia, Washington). We retrieved information associated with each CWT from the Regional Mark Processing Center's CWT recovery online database (RMIS Database 1977) . CWT fish are released primarily by state and tribal run hatcheries and sampled at various commercial, recreational, and escapement fisheries coast-wide by sampling agencies. Each unique CWT code is associated with release, catch, and recovery information.
Release information includes hatchery and stock information, location and date of release, numbers released, and average size at release. Catch information includes the sampling area, number caught, percent of catch that was sampled, and related information.
Recovery information includes the date and specific location of catch, fishery, and related biological data. Where possible, the ratio of the number of fish sampled to the total catch is multiplied by the total number of tags extracted to form the ''estimated number of fish'' (RMIS Web Site User Manual 2006).
To obtain estimates of marine survival (Survival, %) for the CWT Chinook salmon from our midwater trawl surveys (Table 1) , we ran survival analysis (SA1) queries (RMIS Survival Analysis Report, 4 August 2010). The ratio of the total estimated number of fish recovered to the total number of juveniles released is used to estimate marine survival:
Survival CWT ¼ ðtotal estimated no: of recoveries Â 100Þ= total no: of juveniles released
Average marine survivals since 1998 ranged from 0.3% to 1.0%, and were similar to values since 1983 (Fig. 2) . Higher marine survival values were observed in the 1970s and in previous decades (Fig. 2; Ruggerone and Goetz 2004) .
Linear regression analysis of marine survival
We limited our regression analysis of marine survival to CWT-specific release groups of Chinook salmon that were released in April-June of their first year, were captured in both July and September trawls during a given year, and were released no later than 2002 (since marine survival data for more recent brood years was considered incomplete). To increase sample sizes for an individual release group, we pooled CWT codes from hatcheries that released multiple groups of fish (each with a unique CWT code) at identical release dates and masses. Based on these criteria, we were able to examine 5-10 CWT release groups per year from four different brood years (Table 1) . We calculated average sizes of each release group in July and September based on FL, and then used the length-mass regression to estimate average mass, because several fish lacked individual mass data.
We performed linear regression analyses to determine whether early marine sizes and timing affected marine survivals (Survival) . The explanatory variables we tested were the first release date (RelDate; day of the year), average mass at release (RelWt), average mass in July midwater trawl surveys (JulWt), and average mass in September surveys (SepWt). We inspected the individual parameter plots (diagnostic residual and probability plots) to confirm that the values were normally distributed. Survival data were logtransformed to avoid predicting negative survival values. We used the following equation to model marine survival:
where b 0 is the intercept, b i are the parameters, X i are the explanatory variables (RelDate, RelWt, JulWt, SepWt), and e is the error term.
We used Akaike's information criterion (AIC) to evaluate which sets of possible candidate models might best explain survival rates (model selection). AIC scores, which balance model complexity (no. of parameters) with goodness of fit (likelihood), were determined for all model parameter combinations, and then corrected for the effects of small sample sizes (AIC c ; Burnham and Anderson 1998) . The difference between each model's AIC c and the lowest overall AIC c score, the DAIC, was used to rank the models. By convention, models with DAIC scores lower than 2 are considered to perform equally well. Models with DAIC scores between 2 and 10 are considered to have moderate value, whereas DAIC scores greater than 10 are considered to have poor approximations to the data (Burnham and Anderson 1998) .
We calculated additional AIC metrics to help interpret the model selection analysis. The AIC weight (w i ) is the relative weight of an individual model compared with all of the models:
The AIC weight can be interpreted as the weight of evidence that a given model is the best approximating model. Importance weight, the sum of AIC weights for each model that contains the parameter of interest, gives an indication of Note: Chinook salmon originated from 10 hatcheries: Wallace River (WR) and Bernie Gobin (BG) in the North; Grover's Creek (GC), Gorst Creek Pond (GO), Soos Creek (SC), White River (WH), and Puyallup Tribal (PT) in the Central region; and Hupp Springs (HS), Nisqually River (NR) and Kalama Creek (KC) in the South. Survival (%) refers to the smolt-to-adult survival of a group of CWT Chinook salmon released from a hatchery on a specific date. Release date refers to the first day of release from the hatchery. Mass at release (wet mass, g) refers to the average size at hatchery release. Information on releases and survival of CWT salmon was obtained from the RMIS database. Sample sizes (n) and average lengths (FL, mm, ± 1 SE) are listed for salmon caught in July and September. Average lengths were converted to mass (wet mass, g) using a length-mass regression derived from this study (see Materials and methods). the relative importance of individual variables (Burnham and Anderson 1998) .
We used AIC model averaging to incorporate model selection uncertainty (using AIC weights) into our calculations of parameter estimates and associated variances. For modelaveraged parameter estimates, we calculated b b , where parameter estimates are averaged over only the models in which the predictor occurs:
Model averaging was also used to calculate associated error (SE) and 95% confidence intervals (CI, based on t = 1.95 for 95% CI with 20+ samples) associated with these parameter estimates (Burnham and Anderson 1998) .
Results
CWT Chinook salmon
During this study, an average of 147 (July) and 99 (September) CWT Chinook salmon were caught each year. CWT fish accounted for approximately 8% of the catch of juvenile Chinook salmon. The average residence time (days between capture and first release date) of these CWT Chinook salmon was 60 days in July (range: 20-110 days) and 128 days in September (range: 80-195 days). Most CWT Chinook salmon originated from hatcheries in the Central and South regions (74%-94%), with a smaller proportion from the North (4%-17%). We caught a small number of CWT Chinook salmon from distant locales, including Hood Canal and British Columbia.
Linear regression analysis of marine survival
We identified 5-10 CWT release groups in four release years (1997, 1999, 2001, and 2002 ) that could be tracked through consecutive catches (Table 1) . Each release group had a minimum of five and up to 59 captures. Release groups originated from 10 different hatcheries, with at least 2 in each region of Puget Sound. These Chinook salmon were released (date of first release) between mid-April and late June, mass at release ranged from 5 to 11 g. Size in July (JulWt) was the most plausible explanatory variable for marine survival, appearing in all of the top candidate models (DAIC < 5, Table 2 ), and ranking highest in importance weight (1.0, Table 3 ). Size at release and date of release were also included in the most plausible models (DAIC < 2) and had similar importance weights (Table 3) , though they did not perform well as the sole explanatory variable (DAIC > 20, Table 2 ). None of the most plausible models (DAIC< 2) included size in September.
The relationship between size and survival was positive at all stages we considered, though most evident in July, while release date showed a negative relationship to survival (Fig. 3) . Specifically, Chinook salmon that were larger than 17 g (120 mm FL) in July experienced the highest marine survivals (>0.5%), while fish released later than 25 May experienced the lowest marine survivals (<0.5%, Table 1 ). Only release groups that were substantially larger than typical sizes in September (>80 g outliers) experienced consistently high marine survivals (Fig. 3) .
Discussion
For hatchery Chinook salmon in Puget Sound, marine survival was most strongly explained by the average body size in July, with larger sizes associated with higher survivals. Size at, and date of release from hatcheries, helped to better explain marine survival, although only slightly, whereas size in September showed a much weaker relationship to marine survival. Specifically, fish that experienced the highest marine survivals were released before 25 May and were larger than 17 g by July. This relationship was consistent over multiple years (1997) (1998) (1999) (2000) (2001) (2002) , and suggests that mortality after July was strongly size-dependent.
Our study provides strong evidence that rapid growth during the early marine period (through at least mid-July) is critical for improved marine survival of Chinook salmon. Therefore, factors affecting early marine growth, like water temperature and the abundance and quality of prey, are likely to affect marine survival. The importance of body size in July to marine survival also supports the hypothesis that significant size-selective mortality occurs at some point during or after the first marine summer. This corresponds to a second stage of early marine mortality hypothesized by Beamish and Mahnken (2001) in the critical size and period hypothesis. Recent research suggests that this second stage of size-selective mortality occurs over the late fall and winter of the first marine year (Tovey 1999; Beamish et al. 2004; Moss et al. 2005) , and that this mortality is linked primarily to growth rates preceding this stage. While this study establishes a strong link between size and survival, future work should focus on the timing and mechanism behind significant marine mortality events for Puget Sound Chinook salmon to help guide recovery and management efforts. Larger release size and earlier release date also conferred some benefit to marine survival of Chinook salmon. These benefits may be explained both by how release date and size affect early marine growth opportunities and by how they affect mortality before July. The period immediately after ocean entry is associated with high mortality rates, as high as 2%-8% per day for several Pacific salmon species (Parker 1968; Fisher and Pearcy 1988) , compared with less than 1% per day later in life (Parker 1962; Pearcy 1992) . Most of this mortality is hypothesized to be due to predation (Beamish and Mahnken 2001; Brodeur et al. 2003) , and many gape-limited predators, like salmonids, exhibit negative size-selective predation (Parker 1971; Duffy and Beauchamp 2008) . Larger release size can help to reduce initial susceptibility to these predators while release timing can affect temporal overlaps with predators. Earlier release from hatcheries can also serve to maximize growth opportunities in productive marine waters. Timing of marine entry has shown to impact marine survival for salmon in other systems (Blackbourn 1976; Bilton et al. 1982) .
The relatively small effect of release size on marine survival in this study may be due to the small range of release sizes (5-11 g) in our analysis. Increased marine survival associated with larger release sizes have typically been observed in other salmon species, and over wider ranges in both sizes and marine survivals (e.g., masu salmon (Oncorhyncous masou), Miyakoshi et al. 2001 ; Atlantic salmon (Salmo salar), Kallio-Nyberg et al. 2004; coho salmon, Quinn et al. 2005) . Quinn et al. (2005) did find that larger release size (range: 3-20 g) was associated with higher marine survival for Puget Sound Chinook salmon released from neighboring hatcheries in 1969-1998. However, they also found that annual differences in release size within a hatchery did not explain interannual variations in marine survival. Sound (released in 1997 Sound (released in , 1999 Sound (released in , 2000 Sound (released in , 2001 Note: Candidate models took the following form: log 10 (Survival) = b 0 + b i X i . . . + b 4 X 4 + e; where b 0 was the intercept, b i were the parameters, X i were the explanatory variables, and e was the error term. Explanatory variables were release mass (RelWt), release date (RelDate), and masses in July (JulWt) and September (SepWt). Degrees of freedom (df), adjusted (Adj) R 2 , intercept and parameter values (b i ) are listed for each model. AIC scores are reported as AICc, AIC corrected for small sample sizes, DAIC, the difference from the model with the lowest (best) AICc, and AIC weight (w i ), the weight of an individual model relative to all candidate models. Candidate models are ranked in order of fit (lowest to highest DAIC). Note: Importance weight (Wt, the sum of AIC weights, w i , for each model that contains the parameter of interest) gives an indication of the relative importance of individual variables. Explanatory variables were release mass (RelWt), release date (RelDate), and masses in July (JulWt) and September (SepWt). The composite model for marine survival (Survival, %) of Puget Sound Chinook salmon was: log 10 (Survival) = -0.784 + 0.044 Â JulWt -0.002 Â SepWt -0.026 Â RelWt -0.006 Â RelDate + error. This supports our finding that inter-annual patterns in marine survivals were influenced most by factors during early marine residence.
One limit of this study is its applicability to wild Chinook salmon. In the Baltic Sea, both hatchery and wild Atlantic salmon exhibited a positive relationship between smolt size and marine survival, but this relationship differed both by origin and year. Wild fish, despite being considerably smaller, experienced consistently higher survivals than hatchery fish, and the survival benefit conferred by larger size was especially strong for wild fish in poor survival years ). Though we do not know how marine survival of wild fish compares to hatchery fish in Puget Sound, we do know that wild Chinook salmon exhibit more variable marine entry timing than hatchery fish, (February-August; Simenstad et al. 1982; Brennan et al. 2004; Duffy et al. 2005) , and enter Puget Sound at a smaller size than hatchery counterparts. These size differences persist in nearshore habitats through the spring (Duffy et al. 2005) , but not in the midwater trawl surveys of July and September (R. Beamish, Fisheries and Oceans Canada, Pacific Biological Station, Hammond Bay Road, Nanaimo, British Columbia, unpublished data) . This suggests that wild Chinook salmon experience higher early marine growth rates, that they experience stronger size-selective mortality, or that they exhibit different distribution patterns (e.g., different migration rates and habitat use). While it is important to learn more about factors affecting the marine survival of wild Chinook salmon, it is likely that efforts to improve early marine growth opportunities in Puget Sound will benefit both hatchery and wild fish.
This study suggests that much of the marine mortality of Chinook salmon is determined by local conditions during their first spring and early summer in Puget Sound. This early marine residence could be viewed as a critical period when Chinook salmon must maximize their size to minimize size-selective mortality associated with the remainder of their marine life. Our findings highlight the importance of Puget Sound as a rearing environment for juvenile salmon, and suggest that declines in marine survival since the 1980s may have been caused by reductions in the quality of feeding and growing conditions during early marine life. ington State University, the state of Washington Departments of Fish and Wildlife, Ecology, and Natural Resources, and the US Fish and Wildlife Service. The use of trade, product, or firm names in this publication is for descriptive purposes only and does not imply endorsement by the US Government.
